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*$$ "5 $ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 =
.(% 0 *$$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 =
*$$ !%  ."!+ ) % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6
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 #
!%* %$+$ % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6
!"$ 0 *$$ 77!%%* %% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 G
*$$ !%* (B! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 G
(% C . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 H
.% ) %)%  **"  *$$ (% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I
."!". ) 0 *$$ $$E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I
+,, (% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
 +) %  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
$ 	$$	 %&
!,)$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A@
%$+$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A@
((! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AA
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A1A ! ( 0 (!$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A6
A1< %$ %$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AG
A1<1A K-B "B% $%$ %$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AG
A1<1< <-B "B% $%$ %$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AI
A1= ."!". ) (!)$!% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AI
A1K B * 7$ "$$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AJ
A1K1A $ % "$$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AJ
A1K1<  $ %5" 7$ )! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AJ
A16 7-%(" *%+%$ % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <@
A161A  ! D-!" )! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <@
A161< ,!$ (!"+! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <=
*  	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  *#
<1A 
%!($ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <6
<1< ! $%$ %$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <G
<1= 
*!7 7 $%$ %$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <G
<1K $$ 7 '(!) $% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <I
<1K1A '(!) $ <-
 ,"% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <I
<1K1< =-
 (!5)$!. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 <I
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K1A '(!) $ (!$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 =6
K1A1A *$$ $+   1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 =6
K1A1< %$ %() 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 =6
K1A1= !$ $%$  "$ % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 =6
K1A1K '(%+! $)  " ")7 ! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 =G
K1< ."!". )  "$ % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 =H
K1<1A ! $%$ %$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 =H
K1<1< 
*!7 7 $%$ %$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 KA
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61A !$!%$% 0 $ ($% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 K=
61A1A *!(( 7 !%E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 K=
61A1<  F+  0 FB *$.  )($% %D 1 1 1 1 1 1 1 1 1 1 1 1 1 K=
61A1= )($% $ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 K=
61A1K L%+%$ % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 KH
61< $$ 7 !$% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6@
61<1A +$ )$" 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6@
61<1< , !$!%$% 0 *!7" !$% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6A
61<1= )(!% ,$B $ )$!% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6A
61= !,,$. " %$. "%$!,+$ % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6H
61=1A %% 0 $  .%% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6H
61=1<  !$!%$% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6I
61=1=  F+  7 FB (!)$!% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6J
61K L"$ 0 $  !7$ )" 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 GI
61K1A +%$  !7. *!%+% "0!)$  !7. 1 1 1 1 1 1 1 1 1 1 1 1 GI
61K1< !"+$ !$ 0 *$.  !7% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 GI
61K1= (% C . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 GJ
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I1A %+!) $ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 IA
I1A1A '(!) $ (!$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 IA
I1A1< L!$' (% "$$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 IA
I1A1= )7 /+%$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I<
I1< )7 (!%% 7 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I=
I1<1A +) %  !$!D$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I=
I1<1< +(!(%$ 0 *%+%$ % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 IK
I1<1= ,  .%% 0 +) %  ($$! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 IG
I1= !) !. %$+". 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 IG
I1=1A 
!* 7 (!%%+! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 IG
I1=1< L!$' (% $) M$$! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 IG
I1=1= 
$$ 0 +) %  ,+!%$% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II
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I1=1K 8$ 0 !7 7%  M$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J=
I1K +) %  0 $ *$$ *!$' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J6
I1K1A ."!". )  "$ % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J6
I1K1< +!!  0 +) %   *$$ *!$' ". )% 1 1 1 J6
I1K1= (% $ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 JI
I1K1K 	 (!"$,$. 0 $ %$$!" 7$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 JJ
I1K16  F+  0 "%%*" 7%  B$! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A@A
I1K1G  F+  0 ."!". ) (!)$!% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A@=
/ "1 2	  	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J1A %+!) $ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AAA
J1A1A ."!". )  "$ % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AAA
J1A1< 7-%(" *%+%$ % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AAA
J1< ($  %"!$ % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AA<
J1<1A "B7!(. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AA<
J1<1< 0!$  "'  )(!%%" B$! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AA=
J1<1= "B 0 %E B*% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AA=
J1= )7 (!%% 7 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AA6
J1=1A L(+! *$.  $+! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AA6
J1=1< N* ($$! )$ 7 )$" 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AAH
J1K ) %$!. 0 $ *$$ *!$' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AAI
J16  ) 7 %$+". 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A<<
J161A E B*% )%% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A<<
J161< L!$' *$% !$!%$% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A<H
J1G (% $)  " ,+ "!. *$. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A=G
J1G1A E B* *$. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A=G
J1G1< !"+$ 0 $ %E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A=G
J1G1=  )+) *+) 0 $ *$$ *!$' 1 1 1 1 1 1 1 1 1 1 1 1 A=G
J1G1K L!$' ,+ "!. *$. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A=H
J1G16 )($ C . 0 $ *$$ *!$' 7 !$! 1 1 1 1 1 1 1 A=I
%& "	 	$  1 2	 	  %+!
A@1A %+!) $ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AK=
A@1A1A ."!". )  "$ % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AK=
A@1A1< )7 /+%$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AK=
A@1< . ! +% %E B*  " +) %  )%% 1 1 1 1 1 1 1 1 1 1 1 AKK
A@1= *!(!%%+! %$)$ % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AK6
	
	  	 	
'( )  )" 
%% " %#%
AA1A +) %  0 *$$ *!$' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A6A
AA1< *$$ *!$' (% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A6<
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A  !$ ) %) 0 $! % $ *!$% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 K
< !,)$  " ((! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AA
A1A K-B "B% $%$ %$ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 AG
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{Wave propagation} 
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Pitting tests on 2-D blades
               Part III
Cavitation vortex collapse
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Optical 
axis
Dynamic pressure
      transducer
  diameter 5.5 mm
Inlet flow 
D   = 8 mm
 Outlet flow
diameter 24 mm 
D  = 80 mm
45 mm
 12.1 x 12.1 mm
 12.1 x 14 mm
 80 mm
in
v
0
Y
X
D
X
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To vacuum
pump
Auxiliary vessel
Low-pressure vessel
High-
pressure
vessel
Flow 
meter
Q
Rotating valve
         N
Bypass
(degasing
procedure)
Test section
P2 pressure
h
Circulating
pump
Heat 
exchanger
Temperature
Zero water level
250 500 mm
P1 pressure
Specimen
Free surface
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Fsynch
Int/ExtGtP
tD 
tb
tD  : time delay (0 - 8s, with minimum 50 ns step
        and minimum 30 ns propagation delay)
tb   : blanking period approx. 1.5 ms
ts   : shutter time (50 ns resolution)
teff : effective time exposure
tf   : field time 20 ms
Tt  : trigger time
ts
tf 
Tt
+Trig
teff
Fsynch     :  TTL output, synchronous to internal 
                    video camera synchro 
+ Trig        :  Input for pos. edge trigger (1V - 25 V)
Int/ExtGtP :  control of shutter, internal mode,
                    negative logic TTL
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8 CCD Image sensors
Spark Synchronization 
δt min = 100 ns 
0 < delay < 1 ms
Sparks 2.4 J,  300 ns2 Mirrors 45 °
8 Lenses fi=380
Lens  f=1600
PC
MUX
Frame Grabber
Digital Card  I/O
Fast photodiode EG&G FND 100
Trig input 0 - 1V
Lens  f=1600
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PC
Frame grabber
Matrox Genesis
Digital Card  I/O
NI-DIO 96
Port APA
Port APB
Port APC
User Output
8
8
3
1
2
3
4
5
6
7
8
CCD module
Philipps FTM 800
12 V
Ground
video
CM
Trig Int/R0
Gain
Black level
Remote gain and black 
level control on 
individual camera
Power
supply
(CM)
(Trig Int/Ro)
address
CM
trig Int/Ro
video
APA7
APB7
APA6
APB6
APA5
APB5
APA4
APB4
APA3
APB3
APA2
APB2
APA1
APB1
APA0
APB0
MUX
Video Out
H synch
Video synchro. 
separator
V synch
Port 
Connector
Hsync
Vsync
Hardware
 trigger
  input
Video
CH0
Analog 
          Port
Digital
   port
3
3
ground
15 V 2
out
in
Five poles
connector
(potentiometers)
Gain
black level
Ground
NC
Real time Transfert 
to host memory
External 
display 
8 bit
converter
Port BPC
User Input
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Trigger to Cranz-Shardin 
Integration
      period  17 ms
Read out
      period
           20 ms1
2
3
4
5
6
8
7
delay, 0 - 1ms  with 100 ns step
interframe period dt, 0 -1 ms with 100 ns step 
event delay, minimum 200 ms required by CCD modules
Asynchronous reset to frame grabber
Vsynch to frame grabber
Trig INT/RO to CCD
Asynchronous trigger to spark control unit (1 V AC)
Synchronisation of sparks
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 // I/0 data card
Ch2
Frame grabber
Rotative Valve
Oscilloscope 100MS/s
Test section
Pressure Transducer
Position detector of valveCharge amplifier
PC
CALCh4Ch3
Intensified 
light 
camera
GPIB interface
Software trigger
Data acquisition
Hardware trigger
Hardware trigger
Pressure threshold 
TTL
1V
f = 50 mm
Trig +
video out
Fsynch
busy
27+! I1<> )$ 0 $ +) %  *%+%$ %
0$% (+ +
:22	 -/"$(*$"*$ *,+* $+5 !"
)7 (!%% 7 %  -  (!0!)" "+! 7 $ '(!) $%  !"! $ !!"
$ 7, +) %   $ %$.1   )+%$ ( $ +$ $  $!%$ 0 %+  )$"1
 $    " $% B% $)  " ))!. )%% 9A1I ,.$Z0!)%  " <@@
Y,.$Z%7 : $ , %*"  % 0 B +) %  "$$ "+ $ 0% %$$ 71  
$ $!  " $% (% +% 0!  !+7 ((!$ 0 $  +),! 0 /+%$ % $ ,
%$1 -$) )7 (!%% 7 0 $ /+!" 0!) % (!0!)" "+! 7 !*+$ %
0 $ **1 %  5!%$ !%+$ 0 $ (!"+! *%+%$ % $! *"$" !
!M$"1 % % *" ,. (!%% 7 $ )7 %$7!) % $$ +) % 
%($% ! "$$" 0 $! % $ %$   $ %$. *+ 0 (' B % 7!$! $ $
+((! )$ 0 ,E7!+ "  %1 %  ""$  !%+$ 0 $ (!"+! *"$"
)7% ! %+(!(%"  !"! $ !!" $ 7, +) % 1   +),! 0
!M$" )7% % % $E   %"!$  !"! $ +$ $ %+%% !$ 0
$ +) %  "$$   " $ 7, !(!% $$ 0 +) %  ($$! %
))"$. *, $!+7 $ %+(!(%" )71
	
	  	 	
0+   	 		  	$
:22 -'$+'!( !" !) (-.( !"(
 7, !(!% $$ 0 $ %$$%$ $ 0 +) %  )%% %
,$ " ,. %+(!(% 7 $ )7% $!+7  %+$, $!%" (!$  B
B% $ +) %  %($% $ , %7!7$" 0!) ,E7!+ "  %1
2!%$.   ((% $ $!%" (!$ $  /+!" )7 B$  $!%"
*+ 7! $ $ +((! )$ 0 ,E7!+ "  % ('  $ %$%1  $.(
 $ %$. %$7!) 0 $ )7 B$ +) %  % 7*  57+! I1=1   )+%$
 $ $$ $ ,E7!+ "  % %  !%" B$  7 $) '(%+!  " 7 $!
*$7 0 $ 1 *!$%% )%$ ,E7!+ "  %  , +$ 8 ,. %$$ 7 
%+$, *" ,E * $!%" 0 $ 0!) 7!,,! "7$%!1 !*!  % "
$!%" +$-8 % "M+%$"  $ )7 (!%% 7 (!7!)  !"! $ ) $ $
!%"+  %   )! "($" )  !1
0 100 200
100
101
102
103
104
105
255
Image Histogram
[Number]
Pixel Intensity
Luminescence
Background Noise
Threshold
Enlarged
View
(a)
(b) (c)
12 mm
27+! I1=> 9: )7 0 $ +) %   $ $%$ %$ "!B  B$1
9,:  !7" *B 0 $ +) % 1 9: )7 %$7!)1
PA<@ 
 P@1GG  "PA1<
	
	  	 	
808* 	 $ 0#
 ". $ !%+$ 7 $!%" (!$ "5 %  , !. )%E B! $   -
D! *+% 0 $ )%E !!%( " $ $ )7 (' *+% $$ ! 7!$! $ 
$ "5 " $!%"1 % )%E % $ ((" $ $ !7  )7 > (' *+%
+$%" $ )%E ! %$ $ @  " *+% 0 *"$" ('% ! "B -%0$" 0!) $
$!%" *+1
2 . )7% ! %+(!(%" ,. (!0!) 7  %)( ""$ 1  !%+$ 7
)7 % %" $ <66 *+%1
                Image  =
luminescence + background noise
MaskImage - threshold &
            threshold operation
threshold value > background noise
Luminescence Image 
            labeling
        blob analysis
   ''mass'' centre and
   intensity calculation
Luminescence characteristics
               - intensity
               - centre
Image superposition
Global luminescence location
Image  Acquisition
test
'validated'
'rejected'
histogram
Success rate
27+! I1K> +) %  "$$  " )7 (!%% 7
	
	  	 	
0-   	 		  	$
:22 .!1 ".&(( !) .-/"$(*$"*$ '  $+"
 !"! $ %$+".  +) %  )7%  "$  , 7 0 +) % 
%($% % (!0!)"1
, 7 % *"  , !. )%E% B ! ,$ " ,.  D! $!%" (!$ 
 )7%1 ($ )%%  $! 0  , !.  $$. 9+) %  %($%: % $ 
+$" ,. $E 7 $ !!%( " 7 !7  (' *+% % *!$+ B7$ )%%%1
 %+) 0 (' *+% 0!  +) %   $$. % $$!,+$" $   $!  "
% "5 " % $ +) %   $ %$. 0 $ +) %   $$.1  %+))!. 0 $
B )7 (!%% 7 (!"+!  , "($" ,. $ "7!)  57+! I1K1
0$& (' ."'
:22	 +"0 '+$((-+$
 !"! $ !$!D $ $+ "!* 7 (!%%+!%  L $%$ %$  *$$ 
0!  "$ % ,$ " ,. %$$ 7 $ B !+$ $ AG1G ,! %$$ (!%%+!1
 ')( 0 $ ,$ " !%( % 0 (!%%+! $! %"+! % +%$!$"  5-
7+! I161  D! $) !!%( "% $ $ !*! 7 (!%%+! (E  B $
%7  /+%$ % $!77!"1  7 !$" B-(!%%+! B* B +%% $
*(+! ((!  % 0B" ,. $ !*! 7 (!%%+! (E "!* 7 $ (%1
!*! $ (!%  0 (!%%+! %$ % B ! "+ $ 7 !$" +%$
B*%  $ !+$ ! % (!% $%1
 $ % " ')( (!% $"  57+! I1G $ FB !$  " ** !$$ 
%(" ! E($  %$ $ ,+$ $ B-(!%%+! *%% % %$ $ $)%(! (!%%+!1
*$$ (%% ! " $5" ,. %!( (E%  $) %7   " $ )($+" 0
$ 5!%$ %!( (E % 7 !. $ 7%$  1  (!%  0 %$ 7 +%$
B*%  $ !+$ B% *$. %  !% 7 % $ )+ $ 0 *(+! (%  $
!+$ "!%%  , " $5" ,. %)$ (!%%+! $! % $1
) %7 % !!%( " 7 $ $! ."!". )  "$ % * , %$+""
% B1 $ ((!% $$ $ (!%%+! %7  %7 $+! % *!. )('  " % 7.
 F+ " ,. $ %$ 0 ."!". )  "$ %    " " 9')( 0 $  "$ 
 P @1GG   "  P A<@ 
 % 7*  57+! I1J:1 *!$%% $ (! (
!$!%$% 0 (!%%+! %7  !) $ %)1
:22 !+ $6 *!..'($  /$ <  $+
%  )(!$ $ !$!%$ 0 $ *$$ *!$' $) %$!. $)% 0 (-
(!   " (% 0 $ *$$ *!$'   $ , (!"$" B$  +!.
	
	  	 	
808! 	  0.
-10 -5 0 5 10 15 20 25
-5
-4
-3
-2
-1
0
1
2
3
4
5
Pr
es
su
re
 [b
ar]
Time [ms]
27+! I16> 
. ) (!%%+! %7  *$$ 0!  "$ 
P<@@ 
 P@1GG   "PAA1K
-10 -5 0 5 10 15 20 25
 -20
-10
0
10
20
30
40
50
60
Pr
es
su
re
 [b
ar]
Time [ms]
27+! I1G> 
. ) (!%%+! %7  *$$  "$ 
P<@@ 
 P@1GG  "PA1<
,$$! $ 0B )% "%1 % !$!%$ % ") %$!$" ,.  %"! 7 $
$)  $!*% ,$B $ ** %+! 9(%$* "7 0  %7 :  " $ 5!%$
(!%%+! (E1 %+!" $)  $!*% % B % $ %%$" )($+"% ! 7* 
 7!(  57+! I1H1  !!%( " 7  "( " $ *%+%$ % 0 $ *$$ 
*!$' ! 7*  57+!% I1AA  " I1A<1 % *%+%$ % * , ,$ " B$
$  B$  5'" '(%+! $) 0 A@   " ,. %$$ 7 "8! $ ".% 0!) $
** %+!1
	
	  	 	
00   	 		  	$
15 16 17 18 19 200
20
40
60
80
100
120
140
Time interval [ms]
M
ax
im
um
 P
re
ss
ur
e 
[ba
r]
27+! I1H> #$$! 0 $ (% $) P<@@ 
 P@1GG  "PA1<
:22 $ $* !" !) .-/"$(*$"*$ 1-+( (
)+$ +% "$$ 0 ($ %  " *%+%$ 0 +) %  %(!E% *
, (!0!)" 0!  % 7 ."!". )  "$  $ <-B "B% $%$ %$ >
 P A<@ 
  P @1GG   " "  1
$ % $ ,  $" $$ $ )%+!" +) %  B$ $ ($)+$(! $+,
9:  " $  "( "%  $ ($  7$ $!+7 $ /+" $ B "B )$!
 " $ !%( % 0 $ "$$!1    " $  ! 7 " B$ $ ($
'% 0 $ <-B "B% $%$ %$ % "($"  57+! I1I1 $ )+%$ ,  $" $$  
0+% 7  % % +(" B$ $ 1 " 7 0!) 7$ % , )"  !"!
$ *"  *! ) $ 7$ ,E7!+ "  %1 $ %7  + $% ! 7*  *$%1
B*! % $ %.%$) %  $ ,!$" $ %7  )($+" %  .  /+$$*
%7 5 1
 % 7 0 I@ 0  7$ <@  ")$!  % % +%" $ 0+% $ )7  
$ 1  ,$ " )7 !%+$ % K@ )! %  HH )! %1 $+7  )$"
'(%+! $) 0 $  % $ , %$  !"! $ )$ $ $!  ,E7!+ " $
'(%+! $) % 5'" $  )')+) 0 <@   " $ $! *$7 % 5'" $ $%
)')+) *+ 9 P A@@@ L:  !"! $ )')D $ "$$ 1  ,7   7 0
$ 7$  $7!$ !!%( "% $ $ ** %+!1
 "$$ 0 ($ % % 0+%"  $ 5!%$ (E 0 $ (!%%+! %7  $
B $ $) 

% %%$"1 E 7 $ !0!  $) % 

  ($ %
(+%% ! !. ,%!*" B$ $ $)  $!* V-K16  -< W 9AI %)(%:  "
$+% (!! $ $ )')+) (!%%+! (E1  +) %  % )$$" % %!$ $)
"+!$ %(!E% B !  $ + /+1  +) %  (E% ! $!  "*"+%
9$) B"$ B! ! /+ $ %)( 7 !%+$ A@ : ! 7!+(" B$  *!,
	
	  	 	
808! 	  0/
B"$ 0!) A@  $ A@@ 1 % ,%!*" %!$ (+%% !  %%$ $ B$ $ $ %
0 (% "% (+%% ,%!*"   % +) % $ ,+,, '$" ,. +%$ B*%
9!,! Q +$$!)  AJJAZJ<:1 $! ($ % ! )$$" 0$! $ 5!%$ (!%%+!
(E ,+$ $! +!!  % )! ! "). "%$!,+$" B$ $)1 ')(% 0 $.(
%7 % ! 7*  57+!% I1J  " I1A@1
Light Intensified Camera
Photomultiplier tube
Test Section
Rotative Valve
27+! I1I>   "  B$ $ <-B "B% $%$ %$ 
-1  0  1  2  3  4  5  6  7  8  9 10 11 12 13 14
-20
0
20
40
60
P
re
s
s
u
re
 [
b
a
r]
 1  2  3  4  5  6  7  8  9 10 11 12 13 14
0.5
1
P
h
o
to
n
s
 [
V
]
-1  0  1  2  3  4  5  6  7  8  9 10 11 12 13 14
0
R
o
ta
ti
v
e
 v
a
lv
e
 [
V
]
Time [ms]
valve open Valve Closure
Luminescence Bursts
Dynamic Pressure 
First Collapse
-1 0
27+! I1J> L* (!%%+!  " ($ % %7 % PA<@ 
 P@1GG  "PA1<
	
	  	 	
/&   	 		  	$
−20 −10   0  10  20  30  40  50  60  70  80
−20
0
20
40
60
80
Pr
es
su
re
 [b
ar]
−20 −10   0  10  20  30  40  50  60  70  80
0
0.5
1
Time [µs]
Ph
ot
on
s 
[V
]
−20 −10   0  10  20  30  40  50  60  70  80
−20
0
20
40
60
80
Pr
es
su
re
 [b
ar]
−20 −10   0  10  20  30  40  50  60  70  80
0
0.5
1
Time [µs]
Ph
ot
on
s 
[V
]
−20 −10   0  10  20  30  40  50  60  70  80
−20
0
20
40
60
80
Pr
es
su
re
 [b
ar]
−20 −10   0  10  20  30  40  50  60  70  80
0
0.5
1
Time [µs]
Ph
ot
on
s 
[V
]
27+! I1A@> $ % )%% $ $ ) (%
PA<@ 
 P@1GG  "PA1<
	
	  	 	
808! 	  /%
2 ms       3 ms       4 ms      5 ms       6 ms        7 ms      8 ms       9 ms      10 ms
27+! I1AA> )7% 0 *$$ *!$' 0!) "8! $ $)  $!*% 0$! $ **
%+! P<@@ 
 P@1GG  "PA1<
	
	  	 	
/*   	 		  	$
11 ms     12 ms     13 ms    14 ms     15 ms     16 ms    17 ms     18  ms   19 ms
27+! I1A<> )7% 0 *$$ *!$' 0!) "8! $ $)  $!*% 0$! $ **
%+! P<@@ 
 P@1GG  "PA1<
	
	  	 	
808! 	  /!
:223 
=$* !) +0!" 0( "<$* !"
%%+) 7 $$ "( 7 $ !+$ B$ !7 7% +"    +) % 
( )  9% Q 7 0"$ AJJH:   $ ++% !7 FB !$ % (!*""
0! $ !+$ 0$! , 7  $. "7%%"1
%  ) !%+$ $ ((!% $$ $  +),! 0 +) %  (E% % %+,%$ $.
 !%" %(. "+! 7 $ 5!%$ <@  0B 7 $ )')+) (!%%+! *+1  
')( 0  +) %  %(!E B$ $ !!%( " 7 $) %7 % % (!% $"  
57+! I1A=1 *!$%% "+ $ $ !$$ %(" 0 $ **  P A<@ 
 $
$%$" ."!". )  "$ (!% $%  (+! (!%%+! %7 $+! )(!" $
$   ,$ " B$  P <@@ 
1
 %!$ +) %  %   " ,. ""$  !7 7%1 B*! $ +)-
 %  )%% B$  $+! "%%*" ! % %+C $ $ "$$ *$$ *!$'
(%% 9+$.  	 AJJJ:1
 +%$!$ $ 7, !(!% $$ 0 +) %  %+!% B$ !7 7%  M-
$  $ %+(!(%$ 0 6@ (%% % !(!% $"  57+! I1AK B! $ $%$
%$  $+! % "!B  B$1 2!) $ ,$ " +) %  ($$!  $  ,
 $" $$ 7$ %($% ! (!% $ +$%" $ $%$ %$ D 1 %  , +%" ,.
(!%$ !F$ 0 7%% $%$ %$   ," 0+% 0 ($ % "+ $ ($ "0$ 0
$  % ! $  % 7 !$" ,.   7 '(%+! $)1 % % ( $ +$ $  "
0! 7 /+$. ($% B$ )$" 7$ %%%  " (!%$ !F$ %1
20 10   0  10  20  30  40  50  60  70  80  90 100
20
0
20
40
60
Pr
es
su
re
 [b
ar]
20 10   0  10  20  30  40  50  60  70  80  90 100
0
0.5
1
1.5
Time [µs]
Ph
ot
on
s 
[V
]
27+! I1A=> $ % )%% B$ !7 7%  M$ 
PA<@ 
 P@1GG  "PA1<
	
	  	 	
/+   	 		  	$
27+! I1AK> +(!(%$ 0 6@ (%% B$ !7 7%  M$ 
PA<@ 
 P@1GG  "PA1<
	
	  	 	
808+    		  /#
0$) .(  !  
:232	 &#+!#&"/* *!"# !"(
 (!)$! %$+". 0 +) %  ( )  % (!0!)"  $ K-B "B%
$%$ %$ 1 !!%( " 7 !%+$% ! %$,%"  "$ ,$ " B$ 5* %$"
"8! $ !+ %1 +!(%%  "  "$ %  , %+))!D" % 0B% >
 
$!) $ 0 $ (% $) ,. *!. 7 $ %+$$! ".  " $ '(%+!
$) >
!+ S A X
 P <@@ 
  P @1GG   " "  1
 +) %   $ %$.  " %+%% !$ ,$ " ,. *!. 7 $ $! *$7
0 $  >
!+ S < X
 P <@@ 
  P @1GG   " "  1
 +) %  "!0$ +%" ,.   !% 0 "%%*" !  B$! >
!+ S = X
 P <@@ 
  P @1GG   " "  1
  F+  0 $ FB !$  +) %  !$!%$%  "  (%  $!% >
!+ S K-6 X
 P <@@ 
  P @16I   " "   X
 P <@@ 
  P @1GG   " "   X
 P <@@ 
  P @1HG   " "  1
( ! % , (" $ $ %$,$.  " !($,$. 0 '(!) $  "-
$ %1  "" $ B (!%%+! *%% 


P A1@K ,! % ) $ " $ $)%(!
(!%%+!  !"! $ *"  . F+$+$ % "+ $ %7) !7+$ 1
:232 **-++$"*$ !) .-/"$(*$"*$ " *  !" !+ $6 #&"/*(
'  	 	$
 !"! $ "$$ +) %  $ $ (! ( (% 95!%$ (E  (!%%+!
%7 :  " $ $ 0B 7 0B A@@  %. ! D$ 0 *%+%$ % % *"
$ "8! $ ".% 

0!) D! $) !0!  7* ,. $ (!%%+! $!%"1 )
".% % B % $) '(%+!% ! "M+%$" % $$ $. !!%( " $ "8! $ (E
* $%  (!%%+! %7  9% %7   57+! I1G:1  $! *$7 0 $  % , 
%$ $ $ )')+)  P A@@@ L  !"! $ )')D $ )+ $ 0 "$$" ($ %1
')( 0 ,$ " +) %  ($$! % % B % $ *B 0 $ $%$ %$ 
B$ ), $ 7$ ! +%$!$" ,. %+(!(%" (%%  57+! I1A61 %%$"
	
	  	 	
/-   	 		  	$
%+%% !$% +) %   $ %$.  " %+! )%% !" $% ,$ " ,.
)7 (!%% 7 ! 7*  $, I1A1  )" (!$! % +%" %  %$)$!
0 $  $! *+ 0 $ %$$%$ "%$!,+$ 0 $ +) %  $ 1 " 
"%$   7 $  $%$ %$ '% % " $" 

9)" B "%$ :  "
)" "%$   7 $  $%$ %$ '% % " $" 

1 !*! $ "%$ 
0!) $ $%$ %$ !7 % " $"  



 

1
9:
Y
X
9,: 9:
27+! I1A6> L%+%$ % 0 +) %  0! *!, $) B "B% 9: *B 0 $
$%$ %$ B$ '% 9,: $) B "B  !   9: $) B "B  !  
+ S A > P<@@ 
 P@1GG  "PA1<


Æ

+%% !$   $ %$. 



@  A@  AJ=Z<G= HG= @1<I  @1IA 
A@  A@  IZAHI =H< A@1<  @1<6 
<@  A@  KZA6< <K16 @166  -G 
=@  A@@  - - - -
A@@  =@@  <6ZAA@ <A@ A16A  @1IG 
, I1A> +) %  !$!%$% 0! *!, $) B "B% 0  $!%$
+ S A > P<@@ 
 P@1GG  "PA1< PA@@@ L
L%+%$ %  " )7 (!%% 7 !%+$% %B $$ +) %  % (! (.
)$$" "+! 7 $ 5!%$ A@  B$  %+! )%% %$+$" *!. % $ $  " B
0 $ $%$ %$ 1  BE +) %  % "$$" $ $) B "B VA@@  =@@ W
,+$   !. (!0!!" )%% %+! $ %  $"1 % $ B , ") %$!$"
 $ ($! J " 7 B$ 7-%(" *%+%$ % $% % " +) %  +!-
!  (E  , !$" $ ,%!*" BE  " + (!"$, % "!. *(+! *$.
(%%1
	
	  	 	
808+    		  /.
9:
0 1 2 3 4 5 6
0
10
20
30
40
50
60
70
80
90
100
110
120
t
max
- t
win 
[µs]
M
a
x.
 p d
y
n
 [
b
a
r]
with D < 5 mm
with D > 5 mm
0 1 2 3 4 5 6
0
10
20
30
40
50
60
70
80
90
100
 
S
u
cc
e
ss
 r
a
te
 [
%
]
t
max
- t
win 
[µs]
9,:
 -2  -1 0 1 2 3 4 5 6 7 8
 -40
0
40
80
120
P
d
y
n  
[b
a
r]
Time [µ s]120
pressure threshold
win maxt t
pressure signal
close
shutter open
close
p
max
27+! I1AG> 9: +) %   $ %$.  " %+%% !$ *!%+% 



1 9,: +$$!
 " ". ) (!%%+! %7 %1 + S A > P<@@ 
 P@1GG  "P A1<
	 	$
) +!!  0 +) %  %(!E% % "$!) " ,. *!. 7 $ %+$$! ".


B$  5'" '(%+! $) Æ

P 6@@  > $) +!!  % ""+" 0!) $
)')+) %+%% !$ 0 +) %  * $% 0! $ %(5 $)  $!* 

 

1
 $$ 0 <GI +) %  %($% ! ,$ "  $ ,%% 0 =@6< *%+%$ %
	
	  	 	
/0   	 		  	$
"+! 7 $ %) !+ S A1  )')+) $! *$7 0 $  %  P A@@@ L1
%+$% ! %B  57+! I1AG1 '

% $ )')+) *+ 0 $ (!%%+! (E1
% '(!) $ !*% $$ $ )')+) %+%% !$ 0 "$$" +) %  %
,$ " $ ,+$ 

 

  1
%   +%  %%+) 7 $$ $ (!%%+! %7  7*%  !0!  0 $ *$$ 
*!$' %$!. B$  $) +!. 0 A  9"+ $ $ $)  %$ $ 0 $ (!%%+!
$! %"+!: $% !%+$ %B% ,*+%. $$ $ +) %  * $ % B !!$"
B$ $ (! ( *$. (%1
:232 !..'($ .!* !"
%  ')( $ %$$%$% 0 +$"  $!% 0 (!" 7 '(!) $% !
7*  57+! I1AH1  $!% 0 +) %  )%% ! )!E" ,. "$%  $
! !" $% 0 $ $%$ %$ 1 " "%$ % 

 " 

 % B %
%$ "!" "*$ % Æ  " Æ  ! % 7*  $ 0$ 7!(1 %%+) 7 $$
+) %  %($% !!%( " $ (%  $!% )%$ 0 (%% $E (  !
$ B1  "*$ 0 $ (%% 0!) $ $%$ %$ '%  % ,  $"
B % $ , !$" $ $    $!" !% ($$! ,%!*"  '(%" $%$
%() 9% 57+!% I1AI:1
−6 −4 −2 0 2 4 6
0
2
4
6
8
10
12
14
Y [mm]
X 
[m
m]
X
median = 0.22  δ X = 3.43
Y
median = 0.81  δ Y = 1.93
0 20 40 60 80 100 120
100
101
102
103
104
Max. pdyn [bar]
Lu
m
in
es
ce
nc
e 
In
te
ns
ity
27+! I1AH> $ 0 +) %  %(!E%  $ $%$ %$ !" $%
+ S A > P<@@ 
 P@1GG  "PA1<
	
	  	 	
808+    		  //
12 mm
Y Y
 Q = 0.66 l/s, N = 200 rpm, σ = 1.2,  duration 3h            Q = 0.76 l/s, N = 200 rpm, σ = 0.9,  duration 6h
27+! I1AI> !%  ((! %() %
:2323 "'+$#* 1. & !)  ,$ (*  $+$# .0, 
  $ % ") %$!$" $$ +) %  % (! (. )$$" "+! 7 $ ) 
(% $ $) B "B 0  $!%$ % %$ $ V@A@ W B$ Æ

P A@  1  !"! $
%$)$ $ ". ) ! 7 0 )%% 0 ($ % '(!) $% * ,  "+$"
,. *!. 7 $ $! *$7 0 $  9 P A@@@ L J6@ L J@@ L I6@ L:1  +!! $
 $ %$. 0 $  % '(  $. "( " 7 +( $ $! *$7 >  "8!  0
A6@ L % ((!')$. /+* $ $  !"+$ 0 $ 7 0 A@1  %"! 7 )7
%$7!)% $ +) %   $ %$.  , %$+""1
$! L$7 A@@@L J6@L J@@L I6@L
) %$ A<@  A=@  K@  AA@ 
(+$ === =<J KGA =GH
+%% !$% H=O KIO =IO AIO
$+!$ +!!  <@O HO =O ]AO
*!7  $ %$. H=H KA= <6@ AJ@
, I1<> +) %  %+%% !$% 0! *!, $! *$7 0 $ 
+ S < > P<@@ 
 P@1GG  "PA1<
%  5!%$ )) $ !%+$% %B $$ ('  $ %$%  '$ " 0!) $ $!%"
*+ $ $ )')+) (' %$+!$ *+ <66 !7!"%% 0 $ 7 0 1 %
)(% $$ $ +$" +) %   $ %$.  , + "!%$)$" 0! )%$
	
	  	 	
%&&   	 		  	$
 $ % )%% %1 2+!$!)! $ ,$ " %+%% !$% ! 7. "( " $  
$ 7 1 +)! !%+$% ! (!% $"  $, I1<1
%  ) !%+$ $ +) %   $ %$. % + (!"$,1 %%+) 7 $ )'-
)+) (!%%+! (E % B7$" ,. $ (% "%$   17  57+! I1AJ B! 
AZ
 +!* % , 5$$"  $ "$ $ +) %   $ %$. % )(!" B$ $
!!$" (!%%+! '1



B$ 


P A ))1 % %B  57+! I1<@ 0! $
 "$  P @1GG  B! KA<@ *%+%$ % * , (!%%" $ %  $,
$$ $ +) %   $ %$. %  $ !!$" $ $ !!$" (!%%+!1  0$ $
+ (!"$,$. 0 %$$!" 7$ %  $ %+!(!% 7 0    %"!% $$ $  +),! 0
($+!" ($ % "( "%   + (!"$, %$$!" 7$ B )7$ , (!$.
"+ $ $ + %$, 0!) 0 $ *(+! *$. 9 $D  	 AJJ6:1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
10
20
30
40
50
60
70
80
90
100
110
120
 D [mm]
M
a
x
. 
p d
y
n 
[b
a
r]
with D < 5 mm
α
1_
D
27+! I1AJ> ')+) (E (!%%+! '1(

*!%+% (% "%$ %  



 

1 + S = >  P @1GG  " P A1<  P <@@ 

	
	  	 	
808+    		  %&%
−6 −4 −2 0 2 4 6
0
2
4
6
8
10
12
14
Y [mm]
X 
[m
m]
X
median = 0.28  δ X = 2.51
Y
median = 0.81  δ Y = 1.15
0 2 4 6 8 10 12
102
103
104
Max. Pdyn × D/Do [MPa]
Lu
m
in
es
ce
nc
e 
In
te
ns
ity
27+! I1<@> +) %  $ %  $ ! !" $% 0 $ $%$ %$ Q +)-
 %   $ %$. *!%+% !!$" (!%%+! '1



1
+ S = >  P @1GG  " P A1<  P <@@ 

:232 "8-$"*$ !) #((!.$# 0( " 4 $+
 !"! $ *+$ $  F+  0 $  $+!  !% 0 "%%*" 7%  $
!+$  +) %  "!0$  $!)% 0 %+%% !$  "  $ %$. *%+%$ % *
, *" *!   7 "+!$ 0 < =@1  %+$$! % %$ , $!77!"  
(!%%+! $!%"  " '(%+! $) % , %$ $ Æ

P A@ 1  )')+)
7 0  % , %$1 /+%$ % ! !7 D" B$ A6 $) %$% 0 <@@ %+%%0+
)%+!) $% 1   +),! 0 /+%$ % % KA<@ B !!%( "% $  
*!7 %+%% !$ 0 H=O1  ) B "%$  

 " $ ) '% "%$ 


! +$" 0!  $) %$  !"! $ *+$ "!0$%1 % +%$!$"  57+!
I1<A $ (% $ % %$$ !.1 B*! $ +) %   !%% B$ $)
 " $+% B$ $ 7%  $ $% B % ) $!" ,. 
 )%+!) $% 9% 7!(
 57+! I1A:1
	
	  	 	
%&*   	 		  	$
0 20 40 60 80 100 120 140 160
0
250
500
750
1000
1250
Time [mn]
Lu
m
in
es
ce
nc
e 
In
te
ns
ity
0 20 40 60 80 100 120 140 160
0
20
40
60
80
100
Time [mn]
Su
cc
es
s 
ra
te
 [%
]
0 20 40 60 80 100 120 140 160
−3
−2
−1
0
1
2
3
4
5
Time [s]
X m
e
a
n
 
[m
m]
0 20 40 60 80 100 120 140 160
−3
−2
−1
0
1
2
3
4
5
Time [s]
Y m
e
a
n
 
[m
m]
27+! I1<A> +) %   " (% $ *!%+% $)
+ S = > P@1GG  "PA1< P<@@ 

	
	  	 	
808+    		  %&!
:232> "8-$"*$ !) ,&#+!#&"/* '+/$ $+(
 
 $% '(!) $% $  F+  0 $ FB !$  % , %$+""1 !*!
$ FB !$  , !$" $ $ *!$'  $ %$.  "5 "  /+$ A1=1 B*!
% $ % , %B  ($! A $  7 0 $ FB !$ ."%   7 0 $
*$$ C $ " "5 "  /+$ A1<1 ! FB !$% * , $%$" >
 P <@@ 
  P @16I   " "   X
 P <@@ 
  P @1GG   " "   X
 P <@@ 
  P @1HG   " "  1
% $ % , ") %$!$"  $ (!" 7 (!7!( $ +) %  % % %$*
$ $ "%%*" 7%  B$! 9
:1  !"! $ $E  $ + $ $ 
  !% "+! 7
$ '(!) $ $ ."!". )  "$ %  , *!" "+! 7 $ %) !+ 1  
!+ S K FB !$ * , %$ $ @16I  " @1HG  9<  K %!% 0 A@@ /+%$ %:1
'(!) $% * ,  "+$" 0! $ FB !$% @16I @1GG  " @1HG  "+! 7
!+ S 6 9=  < %!% 0 A@@ /+%$ %:1  %+))!. 0 $ ."!". )  "$ %
 " ,$ " !%+$% % (!% $"  $,% I1=  " I1K1
,= +
 " +1 !$   $1  $1 1 



@16I  A1G K@@ZJA= G@6 A=O @1K6  @1IJ 
@1HG  @1J K@@Z6JA GA6 AGO @1<H  @1<G 
, I1=> +) %  !$!%$%  *!7 9!+ S K:
,= #
 " +1 !$   $1  $1 1 



@16I  A1G <@@Z=GI 6K= A6O @1=A  @1I= 
@1GG  A1< <@@Z<JI GG< A<O @1<6  @1H@ 
@1HG  @1J <@@Z<6H H@@ AJO @1<G  @1=I 
, I1K> +) %  !$!%$%  *!7 9!+ S 6:
	
	  	 	
%&+   	 		  	$
 		
) *+$ 0 %+%% !$ )  $ %$.  " %$+!$ +!!  0! 
FB !$ "+! 7 !+ S K ! (!% $"  57+! I1<<1  !!! ,!% 0! $ +) % 
 $ %$. * $ , )+$(" ,. A@ B %B% $ 7 ". )% 0 +) % 1
 !!%( " 7 %+(!(%" )7% ! (!% $"  57+! I1<= B! $%$ %$ 
,!"! % "!B  B$1
 +) %  !$!%$% 0!  ."!". )  "$ ! %$"  $,%
I1=  " I1K !%($*. 0! !+ S K  " !+ S 61
 +) %  %+%% !$  !%% "!%$. B$ $ FB !$1  ""$ 
 %7$  !% 0 +) %   $ %$. % ,%!*"1 B*! ,.  %"! 7 $)
*+$ 0 +) %  !$!%$%   )+%$ +$  $$ $  !% 0 
 %
%$  )(!$ $ (!)$! $ $E  $ + $1 %  '( $  $%  7%
0 $ +) %  !$!%$%    !0! 7 $ '(!) $% 0 !,!  	
9AJJK: B %$,%" $$ $  $ %$. 0  % +) % $ ,+,, (! (.
"( "%  $ "!* 7 (!%%+! B$   %$ $ $)(!$+!  "   %$ $ 
1  
$ ,%% 0  ."!". ) ((! $ % % %B B +) %  ( )  
+" , !$" $   B!"  *!7 7 %E B*  $    " %, 7% B$ 
$ ,+,, > $ %E % !$" ,. $ %+(!%  *(+! B *$.  " $
+) %   $ %$. )7$  !% B$ $ *(+! B *$.1 !0! %  
'$!($ $ $ *$$ *!$' %   +" (%$+$ $$ $  !% 7 0
*!$'  $ %$. "% $  %$! 7! %E  " $+%  )! * $ (%1 !*!
% $ B , %B  7-%(" *%+%$ % *$$ *!$' *$% ! *!.
)+ "8! $ 0!)  %(! %.))$!.1 % B+"  $!"$ $ $!. 0 $
!/+!) $ 0   $ %(! %.))$!. 0! % +) %  B %   0 $
) (!)$!%  %"!" 0! $  *!7 7 %E 9* % AJJG:1
	
	  	 	
808+    		  %&#
0 10 20 30 40 50 60 70 80 90 100110120
0
250
500
750
1000
0 10 20 30 40 50 60 70 80 90 100110120
0
20
40
60
80
100
Time [mn]
Lu
m
in
e
sc
e
n
ce
 I
n
te
n
si
ty
Time [mn]
S
u
cc
e
ss
 r
a
te
 [
%
]
0 10 20 30 40 50 60 70 80 90 100110120
0
250
500
750
1000
Time [mn]
Lu
m
in
e
sc
e
n
ce
 I
n
te
n
si
ty
0 10 20 30 40 50 60 70 80 90 100110120
0
20
40
60
80
100
Time [mn]
S
u
cc
e
ss
 r
a
te
 [
%
]
9:
0 10 20 30 40 50 60 70 80 90 100110120
0
5
10
15
20
25
30
Time[mn]
S
a
tu
ra
ti
o
n
 o
cc
u
rr
e
n
ce
 [
%
]
9,:
0 10 20 30 40 50 60 70 80 90 100110120
0
5
10
15
20
25
30
S
a
tu
ra
ti
o
n
 o
cc
u
rr
e
n
ce
 [
%
]
Time[mn]
27+! I1<<> ) *+$ 0 +) %  !$!%$% 9!+ S K:
9: P@16I  "PA1G P<@@ 
 9,: P@1HG  "P@1J P<@@ 

	
	  	 	
%&-   	 		  	$
9:
12 mm
9,:
12 mm
27+! I1<=> +(!(%$ 0 K@@ +) %  )%% %+!% 9!+ S K:1 $ $
"%$!,+$ 0 %$% X $+7 $! %  +%$! % $ $ ,$$) %+!0
9: P@16I  "PA1G P<@@ 
 9,: P@1HG  "P@1J P<@@ 

	
	  	 	
808+    		  %&.
9:
0 1 2 3
0
5
10
15
20
25
30
35
40
45
50
Wall distance  X  [mm]
H
is
to
g
ra
m
 [%
]
X
median
              = 0.45
prob(X<0.5mm) =  0.62
prob(X<1mm)    =  0.73
0.50%
1.00%
1.50%
2.00%
2.50%
Probability
2.75%
2.25%
1.75%
1.25%
0.75%
9,:
0 1 2 3
0
5
10
15
20
25
30
35
40
45
50
Wall distance X [mm]
H
is
to
g
ra
m
 [
%
]
X
median
               = 0.27
prob(X<0.5mm)  = 0.79
prob(X<1mm)     = 0.85
0.5%
1.0%
1.5%
2.0%
2.5%
3.0%
3.5%
4.0%
4.5%
5.0%
5.5%
Probability
6.0%
27+! I1<K> !,,$. )( 0 $ (% $  " B "%$  9!+ S K:1 
(%% $ %! $ $ B B $ FB !$  !%%
9: P@16I  "PA1G P<@@ 
1 9,: P@1HG  "P@1J P<@@ 

	
	  	 	
%&0   	 		  	$
9:
0 1 2 3
0
5
10
15
20
25
30
35
40
45
50
Wall distance X [mm]
H
is
to
g
ra
m
 [
%
]
X
median
         = 0.30
prob(X<0.5mm) = 0.58
prob(X<1mm)   = 0.74
 0.5%
 1.0%
1.5%
 2.0%
2.5%
3.0%
3.5%
4.0%
4.5%
Probability
9,:
0 1 2 3
0
5
10
15
20
25
30
35
40
45
50
Wall distance X [mm]
H
is
to
g
ra
m
 [
%
]
X
median
         = 0.24
prob(X<0.5mm) = 0.75
prob(X<1mm)   = 0.90
1.0%
2.0%
3.0%
4.0%
5.0%
6.0%
7.0%
8.0%
Probability
9:
0 1 2 3
0
5
10
15
20
25
30
35
40
45
50
Wall distance X [mm]
H
is
to
g
ra
m
 [
%
]
X
median
         = 0.24
prob(X<0.5mm) = 0.85
prob(X<1mm)   = 0.94
1.0%
2.0%
3.0%
4.0%
5.0%
6.0%
7.0%
Probability
1.5%
2.5%
3.5%
4.5%
5.5%
6.5%
7.5%
27+! I1<6> !,,$. )( 0 $ (% $  " B "%$  9!+ S 6:1 
(%% $ %! $ $ B B $ FB !$  !%%1 9: P@16I  "PA1G
P<@@ 
1 9,: P@1GG  "PA1< P<@@ 
1 9: P@1HG  "P@1J P<@@ 

	
	  	 	
808+    		  %&/
;       	$ 	
 (!,,$. $ * +) %  0!  ('  %+(!(%" )7% % +-
$"1  (!,,$% !  !)D" ,. $ $$  +),! 0 ('% 0 $ %+(!(%"
)7%1 . ! !(!% $" $!+7 +!-)(%  57+! I1<K 0! !+ S K  "  
57+! I1<6 0! !+ S61 !*! $ %$7!)% 0 B (% "%$   ,$ "
0! $ *!, FB !$  "$ % * , +$"1 . ! !(!% $" ,. $
!7$ !$%  $ 57+!%1 2+!$!)! $ (!,,$. $ * $ (% $  B
"%$  B! $  7* *+  , +$"1 !,,$% !  !)D" ,.
$ $$  +),! 0 +) %   $!%1 % (!,,$% ! % 7*  !$%1
$ %  $, $$ (%  $!% "( " +( $ FB !$1  )" B
"%$  

") %% B$ $ FB !$ B $ (!,,$% (!,9T]A)):
 " (!,9T]@16)):  !% B ") %$!$% $$ $ (%% $ %! $
$ B B $ FB !$  !%%1
 *!$'  $ %$.  +$" !" 7 $ $ /+$ A1= % !$" $ FB
!$1  *+$ 0 $ (% $ $!+7 $ %$)$!% (!,9T]A)):  "
(!,9T]@16)): B$ $ *!$'  $ %$. % 7*  57+! I1<G1 % 7!(. %B 
% $ FB !$  " $+% $ *!$'  $ %$.  !%% $ (%% ! %$$%$.
$" %! $ $ B1
27+! I1<G>  F+  0   $ (% $ $!+7 $ %$)$!%
(!,9T]A)):  " (!,9T]@16)): 9!+ S KQ6:1 % $ *!$'  $ %$.  !%%
$ (%% ! %$$%$. $" %! $ $ B1
	
	  	 	
%%&   	 		  	$
	
	  	 	
!  0
,!1 2$	  $ $
 	
2$# 1.(
?2	2	 &#+!#&"/* *!"# !"(
 (!% $ %$+". % !D" 0! $ ."!". )  "$ % $$ B! !".
%$+""  $ ($! I " 7 B$ $ +) %  0 $ *$$ *!$' >
-  P <@@ 
  P @1HG   " "   X
-  P <@@ 
  P @1GK   " "   X
-  P <@@ 
  P @16I   " "   1
'(!) $% $E (  $ K-B "B% $%$ %$ 1  '(!) $ (!$
B % !". "%+%%"  (!7!( I1A1A % (("1
?2	2 0,('$$# (-.( !"(
7-%(" *%+%$ %  , *" % 0B%1  $    " %(!E 7 -
!$!% 0 $ ! D-!" )! 9: ! $!77!" B $ ". ) (!%%+!
%7  !%  $!%" *+ M+%$ ,0! $ (%1  $ $!  " "+ $
 ) )+)  $!  ". 0 )7 % %!% 0 $  9<@@ : $ *" /+%$ 
)+%$ 5!%$ , E" ,. $ ** %7  (!! $ $ (%1  (% * $ %
$ +! "+! 7  $) B "B 0 AH  B !!%( "% $ $  $7!$ (!"
0 $ 
 )"+% 0 $  9<@  ) +% $ , E 7 (!":1 0 $ (%
+!% +$%" $% $) B "B  ""$  ". 0! !) 7 $ *" %.%$)  
, (!7!))"1  "$% 0 $ /+%$ %$-+( ! %)$. (!% $"  
57+! J1A1 2!  *%+%$  $ !!%( " 7 (!%%+! %7  % B % $ 7$
%7  7* ,. $ ($"" ! )%+!"1  !"! $ )(! $ %7 %  " $
	
	  	 	
%%* "1 2	  		  	$
%/+ % $ !0!  $) D! 0 $ %7 % !!%( "% $ $ )')+) (!%%+!
(E B !!%( "% $ $ (%1
Ch1
 // I/0 data card
Ch2
Control Unit of spark flashes
Frames/s
Frame grabber
Rotative Valve
Oscilloscope 100 MS/s
Test section
Optical Axis
Pressure Transducer
Position detector of valve
Charge amplifier
MUX
PC
Cam 1
Cam 3
Cam 4
CALCh4Ch3
Cam 2
Spark 
Flashes
Delay
Cam 8
Cam 7
Cam 6
Cam 5
Control Unit of CCD cameras
GPIB interface
Software trigger
Data acquisition
Hardware trigger
Hardware trigger
Pressure threshold 
1V
Trig
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n = 1.33 (water 0.1 MPa)
n = 1.419 (water 1GPa)
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∆α =   9.9°
 - 40.8°
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  0.6°
angle of relative incidence α deviation
n = 1.33 
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Ch1
 // I/0 data card
Ch2
Control Unit of spark flashes
Frames/s
Frame grabber
Rotative ValveOscilloscope 100 MS/s
Test section
Optical axis for
high-speed 
visualizations
Pressure
Position 
detector
of the valve
Charge amplifier
MUX
PC
Cam 1
Cam 3
Cam 4
CAL
Ch4Ch3
Cam 2
Spark 
Flashes
Delay
Cam 7
Cam 6
Cam 5
Control Unit of CCD cameras
GPIB interface
Software trigger
Data acquisition
Hardware trigger
Pressure threshold 
1V
Trig
 input
Intensified 
light 
camera
Hardware trigger
TTL
f = 50 mm
Trig +
video out
Fsynch
busy
Photodiode
TTL
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d  R
c
/d  t = 75 m/s 117 m/s 92 m/s 67 m/s
d  R
s
/d  t = 1346 m/s 1481 m/s 1419 m/s
Time [µs] 
1.21 3.16 3.914.15 4.72 5.29 5.93 6.47 7.01
0
1
3.24
0
1
2
3
4
5
6
7
Cs = 1422 m/s
t
c
 = 3.24 µs 
0 1 2 3 4 5 6 7 8
0
0.1
0.2
0.3
0.4
0.5
0.6
Vc = 236 m/s
detected peak
IC shutter
photodiode
Wave radius
Cavity radius
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d  R
c
/δ t = 169 m/s 152 m/s 61 m/s 38 m/s 50 m/s 28 m/s
d  R
s
/δ t = 1365 m/s 1375 m/s 1397 m/s 1221 m/s 1698 m/s 1507 m/s
Time [µs] 
0.7 1.2 1.48 2.04 2.61 3.16 3.79 4.37 5.05
0
1
0.8
0
2
4
6
Cs = 1417 m/s 
t
c
 = 0.80 µs
0 1 2 3 4 5 6
Vc = 267 m/s
0.0
0.2
0.4
0.6
s
detected peak
IC shutter
photodiode
(a)
(b)
(c)
(d)
(e)
1
2
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Time [µs] 
d  R
c
/δ t = 77 m/s 100 m/s 126 m/s 8 m/s 38 m/s
d  R
s
/δ t = 1190 m/s 1189 m/s 1494 m/s 1346 m/s 1272 m/s
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IC shutter
photodiode
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